We studied temporal integration by presenting sequences of orthogonal high-contrast sinusoidal gratings. In rapid alternation (38 Hz) gratings appear fused whereas at lower rates they appear segregated. To test whether afterimages are the source of the fused and segregated appearance, we probed the decay characteristics of a vertical gratingÕs afterimage by flashing an otherwise identical horizontal grating at varying times after the gratingÕs offset. The results show a rapid decay function for a negative afterimage with a 50-ms time constant, much shorter than expected from other paradigms. From dichoptic presentations we conclude that the site of the interaction is before that of binocular integration.
Introduction
When we perceive natural, time-varying scenes, the visual system is both slow and fast. It integrates and summates information over time such that information which is temporally segmented and non-continuous, like that in television or film, appears as a continuous stream of moving and non-moving things. There seems some kind of low-pass filter present that prevents the awareness of the build-up of scan lines. At the same time, however, the system is fast enough to perceive movement without motion smear (Burr, 1980) . For spatially unstructured visual information, a promising paradigm for studying temporal integration is that of double-pulse resolution (Treutwein & Rentschler, 1992) . It denotes the maximum duration of a critical temporal gap between two consecutive unstructured light pulses that still leads to a steady percept. We thus seek an analogon to double-pulse resolution for spatially structured information.
The classical experiments of DÕArcy (1765), who used burning coal mounted on a rotating wheel as a stimulus, can be seen as an early precursor of the double-pulse paradigm. DÕArcy found an integration time of 133 ms under moonlight conditions. This kind of energy integration depends on the adaptation level; it has time constants of about 110 ms in the dark that decrease to as low as about 20 ms at high photopic luminance levels (Roufs, 1972) . Reports on double-pulse resolution result in similar time constants (Boynton, 1972; Treutwein & Rentschler, 1992) .
Within a single light pulse, energy is summed at some low level in the visual system such that the detection of individual light pulses is governed by BlochÕs law (Barlow, 1958; Watson, 1986) . However, the characteristics of single-pulse energy summation do not permit prediction of double-pulse integration. Watson and Nachmias (1977) , e.g., determined in a two-pulse paradigm threshold contrasts for consecutive gratings of the same frequency, same or opposite phase and various contrast ratios. Also for patterned information, Breitmeyer and Ganz (1977) and Legge (1978) formulated a spatial-frequency dependant formal analogon to BlochÕs law for the detection of sine-wave gratings. The authors obtained integration times of 60-200 ms. These times are much reduced, however, to 35 ms, when non-linear summation is taken into account (Gorea & Tyler, 1986) .
A special role is played by the more cognitive spatiotemporal integration task of Di Lollo (1977) , where a single percept is built from temporally separate frames; this kind of pattern integration is only possible at gap durations below 80-120 ms.
Longer time constants, of 300-500 ms and more, are obtained as measures of visual persistence from pattern afterimages, when, for example, a high-contrast grating disappears (Leguire & Blake, 1982; Long & Kling, 1983; Meyer & Maguire, 1977) or in the continuous flicker task of Long and Sakitt (1981) . The problem with this type of persistence assessment is, that because of the subjectively defined criterion, the results are very variable across subjects . To avoid confusion, we note that the receptor-related classical afterimages like those from looking into the sun, which can last for many minutes, are not to be confused with those that are of interest here (Gerrits, van Erning, & Eijkman, 1988) .
A number of phenomena, however, seem incompatible with long integration times. One of them is that the flicker fusion frequency, under many conditions, is around 70 Hz, which corresponds to only 14 ms for the full period. Thus, while an appropriate low-pass filter will fuse flicker below 14 ms period time, that same filter will not fuse events separated by 14-100 ms. This raises doubt whether the above mentioned smoothing of temporal discontinuities is brought about by the same mechanisms which underlie the noted integrative aspects. Obviously, a low-pass filter, temporally smoothing patterned information early in the pathway, would have undesirable effects, one of them being a smear of moving contours (Burr, 1980) . Here we suggest that there is an early integrating stage in visual processing that has a time constant intermediate to those described above. This time constant is long enough to provide for summation over rapid discontinuities and at the same time is short enough to be unobtrusive to subsequent motion processing.
Our evidence derives from a new paradigm which requires spatio-temporal integration of high-contrast orthogonal gratings. The time-sampling technique, described in the experiment below, involves letting the subjects match a synthetic image to their percept of a specific rapid image sequence. A notable advantage of such an approach is that it obliviates extrapolation from threshold behaviour as is required in all paradigms based on thresholds and which is not strictly possible in a non-linear system.
Methods
Computer generated sequences of greyscale images were presented on a Barco CD 351 HRA video monitor. Video signals had 8-bit greyscale resolution (256 grey levels) and were corrected for monitor non-linearity; the spatial and temporal luminance modulation was checked by a Pritchard 1980-OP-PL photometer. Noninterlaced scanning at 75 Hz frame rate was used, i.e., the possible presentation times were multiples of 13.3 ms per image. The phosphor time constant was below 1 ms.
Field size was 2.1 deg · 2.1 deg. In the observation described first, there was one such field, whereas in the experiment described subsequently, two such fields were used side by side, separated by a 1-deg gap, one for the test sequence and the other for the comparison image. Outside the stimulus area the monitor was covered by white cardboard. The room was indirectly illuminated by incandescent lamps providing a mean luminance of 15 cd m À2 on the white cardboard and on the room walls. Under these conditions, the displayÕs space average luminance was constant at 40 cd m À2 for all image patterns and blank fields. The monitor screen was viewed binocularly with natural pupils from a distance of 2.81 m. No fixation point was used, and observers were free as to which field to observe. One of the authors (H.B.) and three trained psychophysical observers participated in the experiments. Subjects had normal or corrected-to-normal visual acuity and were aware of the rationale of the study.
A perceptual phenomenon: Fusion and non-fusion
The procedure, to be described in the experiment below, was motivated by the following observation. Subjects were presented a rapid sequence of alternating vertical and horizontal sinusoidal gratings of 50% contrast. Each presentation sequence lasted for 10 s after which the subjects were asked to give a qualitative description of their percepts. The percept turned out to depend on both temporal and spatial frequency and is illustrated in the lower part of Figs. 1B and C. The illustrations were prepared from the authorsÕ percepts and from the verbal descriptions given by the other subjects.
At a rapid alternation rate, of 38 Hz, (each of the two patterns presented for 13 ms), observers always reported seeing a fully fused pattern (Fig. 1B) , i.e., a pattern in which the gratings were melted into a static cross grating like in a double-exposure photograph. At the lower rate of 19 Hz, no fusion was obtained at any spatial frequency; rather, the display was described as a cross-grating in which bars of both orientations were more clearly distinct than in the previous condition. At still lower rates, however, 12.5 Hz and below, observers perceived strangely varying, interacting patterns. Unlike in the other cases, the percept at this low rate also depended upon spatial frequency. For spatial frequencies below 3 cpd, only contours of the bars appeared stationary, these contours appearing as laced-in at those positions where the original dark bars intersected. The intersections, in effect, look similar to Maltesian crosses. Fig. 1C , left, shows a simulation of this percept.
Still at the same low alternation rate of 12.5 Hz, but at higher spatial frequencies, the horizontal and vertical patterns showed a piecemeal mutual suppression, similar to wickerwork. Such a percept is reminiscent of binocular (von Helmholtz, 1910) and monocular (Campbell & Howell, 1972 ) rivalry (Fig. 1C, right) .
The simulations in Figs. 1B and C of these percepts were obtained in the following way: patterns in (B) were generated by linear superposition of the pairs in (A), i.e., the luminance distribution of the ''fused'' patterns
and L h = L h (y) are the spatial luminance distributions of the vertical and horizontal gratings, respectively. The pattern shown in (C), left, was generated by a mutual subtractive combination between stimulus components in (A), left, followed by half-wave rectification. That is, L v À L h /2 and L h À L v /2 were separately half-wave rectified and then recombined additively
where L o denotes mean luminance and L (x, y) is the resulting spatial luminance distribution shown in (C), left; note that the ''lacing-in'' of contours is more pronounced than in linear superposition as in (B). The pattern in (C), right, finally, was obtained by making a collage from rectangular patches of the gratings in (A), on the right.
Experiment

Probing of short-term afterimages
In the search for an explanation of the ''Maltese cross'' percept at low alternation rates, we have designed an experiment to test whether the non-fusing interaction of the orthogonal gratings stems from transient negative afterimages such as those which are typically observed after fixation of a low-spatialfrequency grating (Corwin, Volpe, & Tyler, 1976; Georgeson & Turner, 1985; Koenderink, 1972) . The experiment was, at the same time, designed to provide a quantitative description of these afterimagesÕ temporal characteristics.
Observers viewed vertical sinusoidal gratings of 50% contrast which were presented for 106 ms (a multiple of the frame rate). When, at offset, this Ôinducing imageÕ was replaced by a uniform field of same mean luminance, an afterimage was perceived that rapidly disappeared. To assess the temporal decay function of this afterimage, we used a matching technique in which a horizontal sinusoidal grating of same spatial frequency and contrast, acting as a probe, was presented for 40 ms at the same position as the Ôinducing image,Õ after a blank interval of various duration (Fig. 2) .
When the blank interval was longer than 100 ms, the visual appearance of the probe was just that of a smooth horizontal grating. At shorter intervals, however, the probe was perceived as being composed of bars with , observers perceived ''non-fused'' patterns, similar to that shown bottom left, provided the spatial frequency was below 3 cpd (''Maltese cross''). Presentation at the same low alternation rate, but with spatial frequency at 8 cpd results in a percept usually described as rivalry (bottom right).
non-uniform thickness along their horizontal extent. The percept of the (horizontal) probe bars was thus like those in the ÔMaltese crossÕ percept described above. The amplitude of this apparent thickness modulation was reported maximum when the probe immediately followed the inducing imageÕs offset. We can thus interpret the Maltese-cross percept as resulting from a superposition of the afterimage of the inducing stimulus and the probe, and assume that the afterimage from a grating can here be considered as being equivalent to a real gratingÕs image (Leguire & Blake, 1982) . The probeÕs perceptual distortion, then, is an indicator of the underlying afterimage.
Time-sampling of the decay function
To quantitatively assess the probeÕs perceived distortion and thus infer the strength of the afterimage at that moment, a matching task with a comparison stimulus was employed. The comparison image was a linear superposition of the (horizontal) probe with a variable amount, a, of the inducing vertical grating, i.e., the luminance distribution of the comparison stimulus was given by L p (x, y) + aL i (x, y), where L p (x, y) and L i (x, y) are the spatial luminance functions of the probe and the inducing pattern, respectively. The comparison image was presented, like the probe, for 40 ms but following a blank field instead of the inducing image.
Subjects were asked to compare the visual appearance of the probe to that of the comparison image, i.e., the observerÕs task was to state whether the non-uniformity of the horizontal bars in the comparison image was greater, equal, or less than that perceived in the probe.
A simple adaptive staircase procedure was used to determine the best matching a value for each duration of the blank interval. The starting value was usually a = À0.1 and the initial step size |Da| = 0.1. A binary search was used, where the step size was halved after each sign change of Da until a minimum of |Da| = 0.025 was reached. A sequence ended after four consecutive sign changes of Da at the smallest step size, which was after, on average, 15 trials. Such a sequence was repeated four times per subject at each spatial frequency and ISI, and four subjects were tested. Each data point thus represents approximately 4 · 4 · 15 answers. In order to minimize adaptation effects, a pause of >10 s was obeyed after each stimulus presentation; i.e., the ratio between the net stimulus presentation time of 146 ms and the stimulus-free interval of >10 s was <1.5%.
All observers consistently reported the probeÕs horizontal bars to appear non-uniform. The dark bars, in particular, were perceived as being locally brighter at those locations where the inducing stimulus had its dark stripes, indicating that the afterimage was negative; cf. the comparison image in Fig. 2 . Negative a values were, therefore, required for the match. inducing gratingÕs offset. Each set of points represents the data for a different spatial frequency; each data point represents the mean of four sessions on each of the four subjects. The strongest effect was obtained immediately after the inducing gratingÕs offset, i.e., at an interval of 0 ms. The effect falls off rapidly with the decay function having a half-life of about 50 ms. The inducing imageÕs duration was not critical for these results. The inducing stimulusÕ duration (106 ms) was chosen small enough to prevent influences from saccadic eye movements (Ditchburn, 1973) and adaptation effects from prolonged inspection (Blakemore & Campbell, 1969) .
The influence of inducing stimulus duration was not studied systematically. Preliminary tests showed that decay functions were not significantly changed by using shorter inducing durations, down to about 60 ms, whereas still shorter inducing durations seemed not sufficient to elicit the observed effects.
The striking results were that the assumed afterimage was always negative, and the shortness of its decay. Half-life was below 50 ms, i.e., significantly shorter than the raw values that are typically found in a variety of tasks designed to study temporal integration characteristics for patterned information, noted in the Introduction. Although the comparison of time constants between studies that use different paradigms can only be tentative, we suggest that the longer integration times reported by others reflect stages of visual processing located more centrally than the early filtering stage which is probed by our time-sampling paradigm. Fig. 4 shows how the negative afterimage can be modeled as the system response of a bi-phasic linear filter. The filter and the parameter optimizations thereof were realized in MatLab and can be provided on request. For this simulation, we used a system impulse response as proposed by Watson (1986, pp. 6-10) 
where s 1 and s 2 are the time constants, and n 1 = 9, n 2 = 10 are the number of stages in the excitatory and inhibitory parts of the filter, and g (related to WatsonÕs f) is the amplitude ratio between the two. The filter coefficients are assumed to depend upon the gratingÕs spatial frequency and are obtained as described below. The parts of the curves that cannot be assessed by our Fig. 4 . Filter response of a hypothetical bi-phasic linear filter to the offset of a grating. The filter coefficients are assumed to depend upon the gratingÕs spatial frequency (1, 2, 4, and 8 cpd). See text for the impulse response; filter coefficients are: s 1 = 2 ms and s 2 = 7.9 ms for all four responses, and g 1 = 0.757, g 2 = 0.624, g 4 = 0.414, g 8 = 0.111, for the four spatial frequencies 1, 2, 4, and 8 cpd, respectively. The top graph shows the step stimulus (dash-dotted line), the impulse response at 1 cpd (continuous line) and a probe; the delay of the particular probe shown corresponds to the second sampling point in time, at 172.6 ms (shown in positive polarity; the probes in the experiment were of negative polarity). The middle graph gives the filter response to that probe. The bottom graph is the filter response to the stimulus proper; the part of the trace that is observable through our matching technique is shown as continuous line. matching task are shown as dashed lines (that is the positive percept during stimulus presentation and positive afterimage right thereafter); the parts of the traces that are observable through the matching technique are shown as continuous lines.
The four responses r x (t) for the spatial frequencies x used, shown at the figure bottom, are obtained by convolving the inducing step of 106 ms length (figure top) with the system impulse response h (t), with the positive amplitude normalized to 100%. Similarly, the probe response p (t) is obtained by convolving the 40 ms probe, occuring at some moment, with h (t). The effect of the probe can be assumed to be proportional to the integral of that response, but because the probe is of constant length, the amplitude of p (t) is equally useful. As representative moment of effect (ideally the probe would have zero duration) we take a point of time somewhere at the probe responseÕs centroid, which is roughly at the offset of the physical probe (for example at 146 ms when the probe appeared immediately after the inducing stimulusÕ offset; the probe shown in Fig. 4 corresponds to the second sampling point in time, as indicated by the dashed line). This moment in time t m is used for matching the probe effect p (t m ) to the after-image effect r x (t m ) by a least-squares criterion
for the 5 delays m at which the probe was presented.
The matching for obtaining the time constants was done for the largest decay function only, i.e., at 1 cpd, since the observed decay functions for the four spatial frequencies appear as scaled versions of each other. The time constants thus obtained were s 1 = 2 ms and s 2 = 7.9 ms. They are similar to the values of Watson (s 1 = 4.94 ms and s 2 = 6.57 ms). These time constants are kept for the remaining three spatial frequencies, the amplitude scaling (of the negative part of the trace) done by adjusting g. The resulting values were g 1 = 0.757, g 2 = 0.624, g 4 = 0.414, and g 8 = 0.111, for the four spatial frequencies 1, 2, 4, and 8 cpd, respectively.
Our findings fit well with the notion of a role separation between sustained and transient mechanisms in the primary visual pathway (Anderson & Burr, 1985; Kulikowski, 1991; Kulikowski & Tolhurst, 1973; Legge, 1978; Strasburger, Murray, & Remky, 1993; Watson & Nachmias, 1977) . Sustained mechanisms are assumed to be more sensitive to high spatial and low temporal frequencies and transient mechanisms, conversely, more sensitive to low spatial and high temporal frequencies. A possible neural substrate in the primate and human could be parvo-and magno-cellular pathways (in which the parvo system has high acuity and the magno system has high temporal resolution and high contrast sensitivity; De Monasterio & Gouras, 1975 ; for a review see Kaplan, Lee, & Shapley, 1990) . Indeed, our decay functions shown in Fig. 3 are ordered strikingly systematically, showing higher sensitivity at low (1 cpd) than at high spatial frequency (8 cpd). They would thus be assumed to reflect the activity of the transient channel or the M pathway. An accompanying change in temporal sensitivity as predicted by the sustained-transient models (which in a linear system would have been visible in the decay functionÕs time course) is not observed, however; it might occur only outside the tested spatial frequency range or stem from the transition between channels (cf. Strasburger et al., 1993, Fig. 2 ).
At what stage do these afterimages arise?
To obtain insight at what stage of visual processing the afterimage-as assessed by our ''time-sampling'' technique-is generated, we repeated the experiments using dichoptic viewing conditions. Two video monitors were used in a mirror stereoscope setup to present separate image sequences to the left and right eye. The mean luminance was constant at 40 cd m À2 in both eyes throughout the sequence of stimulation. The inducing vertical grating was presented to the left eye only, and the horizontal probe grating was presented at the corresponding position in the right eye. The timing of the image sequence was identical to that described above. Under these dichoptic conditions, there was no measurable effect of the inducing image on the probe, at any duration of the blank interval and at any spatial frequency. Further, a fusion of periodic image sequences, as described in our phenomenon, was never obtained in dichoptic viewing. The observed interactions thus must take place at a site functionally located before the stage of binocular integration. Likely sites are thus the retinal ganglion cells or the lateral geniculate. The simulation of the ÔMal-tese crossÕ percept in Fig. 1C , left, further suggests that the associated subtractive transformations precede that of (non-linear) half-wave rectification (cf. the MI-RAGE model; Morgan & Watt, 1997; Watt & Morgan, 1985) .
Conclusion
We conclude that a fast negative afterimage process, followed by half-wave rectification, could be the source for the strange segregating interactions of orthogonal gratings observed at low spatial frequencies, the ''Maltese cross'' percept. The evidence is from the similarity of the percept obtained with superposition of an afterimage and real image to that in our simulations. Without further investigating the rectifier non-linearity, we used a time-sampling technique to study that early afterimage process. Its decay characteristics are found to be faster than raw estimates obtained from integration in grating detection and, when the rather short times of maximum effect are considered, even in double-pulse resolution paradigms.
These conclusions are compatible with the hypothesis that the longer integration times found in grating-detection tasks are brought about by the sum of the time constants of two consecutive visual processing steps: an early filtering stage followed by a detection stage. Our time-sampling paradigm would then allow to characterize the spatio-temporal properties of that early filtering stage.
